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The upconvers ion propert ies of Er 3+ in f luoroindate bulk 
glasses (composition: 40INF3-20ZnF2-16BaF2- (2 O-x) SrF 2 - 
2GaF3-2NaF-xErF 3 with x=l, 2,3 and 4 mole %) are 
investigated, fol lowing 4F / excitat ion with a red krypton 92 . . 
laser. A strong green and a weaker blue luminescence is 
observed at room temperature corresponding to emiss ions 
from the thermal ly coupled 4S~,~ and 2H~II~ bands and the 
2H9/2 level respectively. ~esonant  ~'~nergy transfer  
processes involving two excited erbium ions and a two-step 
absorpt ion process are proposed to explain the upconvers ion 
phenomena. The emission intensit ies depend on the 
exc i tat ion power as Pexe n with 1.5<n~1.7 for the green and 
1.6<n~1.9 for the blue emission. The decay t imes and the 
re lat ive intensit ies of the luminescences are also studied 
as a funct ion of Er 3+ concentration. 
1. In t roduct ion  
Rare Earth doped Heavy-metal  
F luoride glasses have a great 
potencial  use in the laser and 
opt ica l - f iber  communicat ions  
industries. The spectroscopic and 
f luorescent propert ies of f luoro 
zirconate glasses doped with erbium 
have been first reported by Reisfe ld 
et al I and Shinn et al 2 and were found 
in good agreement with theoret ical  
calculat ions upconversion due to the 
incorporat ion of rare-earth ions such 
as Er ~+, Ho 3+, Tm 3+, Pr 3+ and Nd 3+ into 
suitable qlass hosts has been widely 
3 I2 repor ted-  . This phenomenon provides 
the poss ib i - l i ty  of p roduc ing  
potent ia l l y  a t t rac t ive  shor t -  
wavelength sources which can be pumped 
by near infrared light such as 
upconvers ion lasers and infrared l ight 
detectors. 
In order to design a glass 
mater ia l  with high upconvers ion 
eff ic iency the first step is the 
select ion of a glass matr ix with low 
non- rad ia t ive  losses  due  to 
mult iphonon relaxation. Oxide glasses 
as f luorescent hosts are not preferred 
because of their h igh phonon energy of 
more than 1000 cm -I Reports on 
f luoride glasses 4, 5 showed that the 
maximum phonon energy of these 
mater ia ls  is lower than most oxide 
glassesl6,17. They are therefore more 
favourable for upconversion processes 
than si l ica glasses 3,8,9 al lowing the 
observat ion of a far greater 
upconvers ion eff ic iency via energy 
transfer. After choosing a glass host, 
the concentrat ion of rare-earth ions 
required for optimum upconvers ion 
eff ic iency must be determined. 
In this paper, we report on 
upconvers ion f luorescence of Er 3+ in a 
new fluoride glass family of 
composit ion 40InF3-20ZnF2-16BaF2- (20- 
x) S rF2-2GaF3-2NaF-xErF  3, ca l led  
hereafter IZBSGaNEr pumped by a red 
krypton laser at 647 nm. Samples with 
x=l, 2,3 and 4 mole % of Er 3+ are 
considered. The decay times and the 
relat ive intensit ies of the lumines- 
cences are also reported. 
2.Exper imenta l  
Start ing materials for the sample 
preparat ion were In203 and Ga203 from 
Preussag, Er203 from Fluka, SrF 2 and 
BaF 2 from B.D.H., and NaF from 
Aldrich. The oxides were f luor inated 
at 400°C in a plat inum crucible with 
NH4F,HF. The mixture of the desired 
composit ion (table i) was then heated 
to T=700°C for melt ing and 800°C for 
f ining in a dry box under argon 
atmosphere. After the f ining process, 
the melt was poured into a preheated 
brass mould (T=290°C). The glasses had 
a mass density of about 5 g/cm 3. The 
average size of the glass samples 
having been under invest igat ion was 
5x9x14 mm 3 after mechanical  polishing. 
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Table i. Composit ion of the glasses 
Composit ion (mole %) 
Batch InF 3 ZnF 2 BaF 2 SrF 2 GaF 3 NaF 
ErF 3 
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3.Upoonversion 
1 40 20 16 19 2 2 1 
2 40 20 16 18 2 2 2 
3 40 20 16 17 2 2 3 
4 40 20 16 16 2 2 4 
Absorpt ion spectra were obtained 
with a CARY 17 spectrophotometer 
( spect ra l  bandwidth  0.1 nm) . 
Upconvers ion lumines-cence was excited 
by a krypton laser ( 647.1 nm) and 
analysed by a SPEX 1403 double 
monochromator equipped with a RGA 
31034 photomult ip l ier  connected to a 
PAR-128A lock - in  ampl i f ie r .  
Convent iona l  f luorescences  were  
excited by a XBA-450 W OSRAM xenon arc 
lamp coupled to a 25 cm ORIEL 
monochromator and with a krypton laser 
(330.0 nm). The emission was analysed 
by a 50 cm Jarrel l -Ash monochromator.  
The signal was detected by an IFW 130 
photomult ip l ier  and processed with a 
PAR-124A lock - in  ampl i f ie r .  
F luorescent decay times were measured 
by time resolut ion spectros-copy. The 
pulse light used was a third harmonic 
of a Quanta Ray Nd: YAG laser; the 
typical character ist ics of this laser 
are 5 kW peak power, pulse durat ion of 
5 ns and repetit ion rate of i0 Hz. The 
complete reject ion of the laser 
radiat ion was done by employing colour 
filters. 
Threefold upconversion to the 
4S /2 level of Er 3+ incorporated in 3 
severa l  f luoride glass fibers using a 
absorpt ion (ESA) 14 , this energy 
transfer process may also populate the 
4Gj manifold. Two excited erbium ions, 
one in the 4F9/2 and the other one in 
the 419/2 sta~e, are necessary for 
one lon to the 2K15/2 state. promotlng 
After this or the ESA process, the 
excited erbium ion decays into the 
2H9/2 blue upconversion level result ing 
in emlsslon of 407 nm photons whi le 
relaxing into the 4115 ~ ground state. 
The processes that lead to the 
green upconversion are ESA and PET as 
well  (fig.lc). As descr ibed above the 
metastable 419/2 and 4Ili/2 levels can 
be populated by a red photon. However, 
non-radiat ive decay also occurs from 
the excited 4F9/2 state to the 4113/2 
level. This state can be further 
excited by the pump wavelength to the 
4F5/2 state. The energy transfer 
process mentioned above involves 
either two ions being excited to the 
metastable 4Iiii 2 level or individual 
ions in both " the 419/2 and 4Iii/2 
states. Two ne ighbour ing- ions  intera6t 
with each other in such a way that 
through energy transfer the acceptor 
is promoted to the 4F712 or to the 
4F3/2 level respectivel~, whi le the 
donor ion returns to the ground state. 
For this process to be effective, the 
excited ions must be suff ic ient ly 
close to one another. Therefore the 
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Fig.1. a) Energy levels of Er 3+ , 
absorption and luminescence transit ions. 
b) Blue (407 nm) upconversion process. 
c) Green (547 nm) upconversion process. 
Vol. 85, No. 9 
F~ 
C 
D 
© 
- J  
Z _A 
Er 3 + -DOPED FLUOROINDATE GLASSES 
J 
}80 405 4}9 455 480 505 559 555 580 695 65) 
evA',/~ L E N,ST ts (,s ~, } 
775 
0 
~h 
© ~ Er 3* i' ET 
~ ~  L~ <<" 
Fig.2. Typical green and blue 
f luorescences of IZBSGaN doped with 2 
mole% Er measured at 300 K. 
Fig.3. Upconversion spectra of IZBSGaNEr 
glasses measured at 300 K. Excitation: 
krypton laser, 647.1 nm, 500 mW. 
process rate and f luorescent decay 
t imes wil l  depend on the doping 
concentrat ion 13. From the 4Fj mani fo ld 
the ions may branch into the thermal ly 
coupled bands 2HII/2 and 4S3/2 . In 
addit ion to this, non- rad iat ive-decays  
from the 4Gj manifold wil l  also 
populate the green emission levels. 
Finally, the erbium ions having been 
excited this way emit green light at 
about 547 nm and 526 nm. 
The blue upconversion emission is 
weaker than the green one. As the PET 
process  is of second order, the blue 
emission profits mainly from the two- 
step absorpt ion process. Yet the upper 
b lue  level converts only part of the 
energy provided by ESA into a blue 
emission, and the main part is fed to 
the green upconversion bands. As the 
Er 3+ concentrat ion rises, the PET 
process contr ibutes even more strongly 
to the populat ion of the emission 
levels. 
4.Dependence  on BE 3+ concent ra t ion  
Four samples with 1,2,3 and 4 
mole % Er 3+ concentrat ion have been 
considered (table i). Figure 3 shows 
the upconversion spectra. Green 
emission is observed for each sample. 
A summary of the results of the 
relat ive intensit ies of the green and 
the blue luminescence and of var ious 
f luorescent decay time measurements is 
l isted in table 2. 
The f luorescence measurement for 
which an example is shown in f igure 2 
conf irm the assignment of the green 
upconvers ion to the transi t ions 
2 4 4 4 Hll/2 ~ I15/2 and ~3/2 ~ I15/2 . as the 
snape and the wavelength location are 
identical. For conf irmation of the 
suggested blue upconversion 2H / ~4I 9_2 15/2 
transit ion we used a krypton Iaser at 
330.0 nm. The samples provided a blue 
response identical to that of the blue 
upconvers ion luminescence (fig.2). 
The dependence of the f luorescent 
l i fetimes on Er 3÷ concentrat ion of the 
red and green luminescence is similar. 
They all decrease as the Er 3+ 
concentrat ion increases, indicat ing Er- 
Er cooperat ive effects. The decay t ime 
of the blue emission was found pract i -  
cal ly independent of it. It is worth-  
whi le to note the very short l i fet ime 
Tab le  2. 
(i) Relat ive intensity of upconversion's most intensive line at 550 nm, 
Ix/I2% (2% = 1.0); excitation: red krypton laser, 647.1 nm, 500 mW. 
(2) Relat ive intensity of f luorescence at emission peak (550 nm), Ix/I2% 
(2% = 1.0); excitation: xenon arc lamp, 374 nm. 
(3) Upconvers ion intensity ratio of the blue to the green emission, 
Iblue/Iureen; excitation: red krypton laser, 647.1 nm, 500 mW. 
(4) F l~orescent decay t imes z in ~s; 
excitation: 5ns-pulsed Nd laser, 355 nm. 
Type of measurement Er 3+ concentrat ion x (mole %) 
1 2 3 4 
(i) Ix/I2% upconvers ion 0.45 1.00 0.94 0.74 
(2) Ix/I2% f luorescence 0.72 1.00 0.69 0.66 
- 0.06 0.09 0.ii (3) Iblue/Igreen 2 
(4) Tblue (~S) [AH9/2] 19 15 20 16 
Tgreen (~s) [~S3/2] 573 185 86 84 
~red (~S) [;F9/2] 645 407 302 349 
~IR (~s) [ Iii/2 ] - 10634 9839 9412 
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of the blue emission and the increase 
of the l i fetime in the order of blue, 
~sreen and red. Except for the green 
3/2 emission, all the decay t imes 
observed at 300 K for 2% Er doping are 
longer than those reported in 
references 1 and 2. A study of their  
temperature var iat ion is present ly  
underway and wil l  be reported 
elsewhere. 
The intensity of the green 
emission is strongest in sample doped 
with 2 mole % Er3+; above this value 
it seems to saturate and/or decay. The 
saturat ion effect for samples with 
higher Er 3+ concentrat ion is also 
apparent from the results of the 
l i fet ime measurements. On the other 
hand, the intensity of the blue 
f luorescence was found pract ica l ly  
constant in samples with 2%, 3% and 4% 
Er 3+, but no signal was observed with 
1% Er 3+ doping. Similar results have 
been observed by Reisfeld and 
Eckstein 19 in Er 3+ doped te l lur i te 
glasses. Therefore the blue upcon- 
vers ion process depends strongly on 
Er 3+ concentrat ion below =i. 5 mole % 
Er 3+, and from two per cent on, the 
f luorescence signal is saturated. 
The dependence of upconvers ion on 
the incident pump power was studied 
using a krypton laser emitt ing 647.1 
nm. We measured the upconvers ion at 
408 nm and 544 nm under a pump power 
range of i00 to i000 mW (fig.4) . As 
expected from the proposed nature of 
the upconvers ion  process,  the 
dependence of the output intensity as 
a function of the input power var ies 
p n with 1.5~n<1.9 depending on as exc 
the Er 3+ concentration. Str ict ly 
speaking, the output intensity of the 
green upconversion emission changed 
with increasing Er 3+ concen-trat ion 
from Pe~c I . 7 to Pexc I . 5, whereas the 
output intensity of the blue emiss ion 
changes from Pexc I . 9 to P i. 6 This e xc. 
result  underl ines the r ls lng con- 
tr ibut ion of the PET process to the 
b lue  and  green  upconvers ion  
f luorescence as the Er 3+ concentrat ion 
increases, with a stronger inf luence 
of energy transfer processes on the 
green emission. Reasons for the 
deviat ion from a quadratic dependence, 
as it would be expected for a two- 
photon process 15, are the sharp focus 
of the pump beam on the sample and the 
excitat ion of several long- l ived 
intermediate levels such as the 
4Iii/26 . Measurements of upconvers ion 
at 407 nm and 550 nm in the same pump 
power range showed the same 
dependence. 
5.Conolusion 
The absorption, luminescence and 
f luorescent decay times of Er 3+ in a 
new f luoro indate  g lass  fami ly  
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Fig.4. Output intensity as a funct ion of 
pump power for IZBSGaNEr glasses 
measured at 300 K. Excitation: krypton 
laser, 647.1 nm. 
( I ZBSGaN) have  been - repor ted .  
Exci tat ion by photons provided by a 
red krypton laser resulted in broad 
upconvers ion emissions around 407 nm 
and 547 nm at room temperature. Models  
involving sequential  doubly resonant 
photon absorpt ion (ESA) and cross- 
re laxat ion  processes  (PET) are 
suggested to explain the upconvers ion 
processes. Glass doped with 2% Er 3+ 
showed the most eff ic ient upconvers ion 
for green emission. The blue upcon- 
vers ion f luorescence was found pract i -  
ca l l y  independent  on  Er  3+ 
concentration. The dependence of the 
green upconvers ion emission intensity 
on the pump intensity varies as Pe~c n 
with 1.5 <n ~I. 7, but its re lat lve 
intensity decreases with in-creasing 
Er 3+ concent ra t ion .  The  b lue  
upconvers ion intensity changes its 
dependendence on the excitat ion power 
from Pexcl. 9 to Pe~c I . 6 with 
increasing Er 3+ concentratlon. These 
behaviours are qual i tat ively d iscussed 
in terms of ESA and PET processes. 
This new material  appears very 
promis ing for developing optical  
devices, such as a green upcon-vers ion 
laser. 
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